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Preemergence herbicides are generally considered as a group to negatively affect
hybrid bermudagrass (Cynodon dactylon (L.) Pers. × C. transvaalensis Burtt-Davy)
establishment; however, little is known about the effects upon hybrid bermudagrass sod
establishment and harvestability. Several research projects were conducted at Mississippi
State University to determine the effects of commonly used preemergence herbicides on
hybrid bermudagrass sod production. Measured response variables included visually
estimated hybrid bermudagrass cover, normalized difference vegetative index (NDVI),
ratio vegetative index (RVI), relative chlorophyll concentration (CI-RE), sod tensile
strength, root mass, root length, root surface area, average root diameter, and root
carbohydrate concentration after application of these herbicides. While several of these
preemergence herbicides initially delayed establishment, few significant reductions in
hybrid bermudagrass root growth and harvestability were observed by the end of the
growing season.
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CHAPTER I
LITERATURE REVIEW
Introduction
The production of turfgrass for both functional and recreational use is a major
industry within the United States, producing approximately $62.2 billion per year (Haydu
et al., 2006). One of the most important aspects of the turfgrass industry is the production,
delivery, and application of sod and sprigs. Hybrid bermudagrass (Cynodon dactylon (L.)
Pers. × C. transvaalensis Burtt-Davy) is one of the most common turfgrass species grown
as sod in the southeastern United States (Haydu et al., 2006). To produce high quality sod,
growers must maintain adequate weed control throughout the growing season.
Preemergence herbicides are commonly used on sod farms to control summer and winter
annual weeds (Fishel and Coats, 1994). Despite the frequent use of these preemergence
herbicides on sod farms, very little research has been conducted to determine the effects of
preemergence herbicides on hybrid bermudagrass sod harvestability, establishment, and
root morphology.
Preemergence Herbicides Used for Weed Control
Maintaining proper weed control is imperative to establishing a healthy turfgrass
system. Weeds reduce the aesthetic quality of the turfgrass and compete for nutrients,
water, and light (McCarty et al. 1994). In particular, annual grassy weeds, such as crabgrass
(Digitaria spp Haller), goosegrass (Eleusine indica (L.) Gaertn.), and annual bluegrass
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(Poa annua L.) are hard to control postemergently during turfgrass establishment
(Bhowmik and Bingham, 1990; Fishel and Coats, 1994; Johnson 1996b). However, many
of these annual grassy weeds can be controlled with preemergence herbicides (Callahan
and High, 1990; Dernoeden, 1998).
For example, Johnson (1997) was able to effectively control large crabgrass
(Digitaria sanguinalis (L.) Scop.) populations in bermudagrass with applications of
prodiamine (0.5 kg ai ha-1) and pendimethalin (1.7 and 3.3 kg ai ha-1). Prodiamine and
pendimethalin have been described in the literature as mitotic inhibiting herbicides that
commonly cause malformed and stubby roots of hybrid bermudagrass (Vaughn and
Vaughn, 1990; Weber, 1990). Dernoedon (1998) reported that applications of prodiamine
at 0.36, 0.73, and 1.1 kg ai ha-1 effectively controlled annual bluegrass into the following
year when applied in the early fall (Aug. 11-Sep. 16). Having the same mode of action as
prodiamine and pendimethalin, wettable powder and water-based formulations of dithiopyr
applied at 0.56 and 0.43 kg ai ha-1 provided greater than 85% smooth crabgrass [Digitaria
ischaemum (Schreb.) Schreb. Ex Muhl.] control when applied at a preemergence timing
(Brosnan et al., 2010). In the same study, both rates and formulations of dithiopyr provided
greater than 77% smooth crabgrass control when applied at the one-to-two leaf stage.
Oxadiazon and flumioxazin are commonly referred to as protoporphyrinogen
oxidase (PROTOX) inhibiting herbicides. PROTOX is a critical enzyme involved in
chlorophyll synthesis. This inhibition allows for the development of reactive oxygen
species causing chlorophyll and carotenoid disruption, which leads to lipid peroxidation
and cellular leakage (Duke et al., 1991). Brecke et al. (2010) was able to successfully
prevent goosegrass emergence with applications of oxadiazon at 2.24 kg ai ha-1 when
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applied one week before hybrid bermudagrass sprigging and immediately prior to sprigging
without reducing hybrid bermudagrass cover. Similarly, Johnson (1997) reported greater
than 90% large crabgrass control with applications of oxadiazon at 3.4 kg ai ha-1. Even
sequential applications of oxadiazon at 1.1 kg ai ha-1 at a 60-day interval achieved greater
than 93% large crabgrass control (Johnson 1993). Flessner et al. (2013) determined that
applications of flumioxazin at 0.43 kg ai ha-1 achieved greater than 95% control of annual
bluegrass up to two tillers; however, fall applications of flumioxazin to non-dormant
bermudagrass resulted in unacceptable levels of necrosis and induced dormancy.
Atrazine and simazine are considered triazine herbicides that inhibit photosynthesis
by binding the QB-binding niche of the D1 protein located in the photosystem II complex
(Shimabukuro and Swanson, 1969). While atrazine and simazine are relatively older
chemistries, they are still commonly used for weed control in bermudagrass turf to control
common annual grassy and broadleaf weeds (Hutto et al., 2004; Toler et al., 2007).
However, many weed species have developed resistance to triazine herbicides, particularly
annual bluegrass (Heap, 2003; Perry et al., 2012; Pfister and Arntzen, 1979; Ryan, 1970).
Yelverton and Isgrigg (1998) reported that in susceptible populations, applications of
simazine at the lowest labeled rates controlled up to 95% of annual bluegrass. Similarly,
Toler et al. (2007) was able to control annual bluegrass greater than 80% after applications
of simazine in non-overseeded bermudagrass turf.
S-metolachlor is a chloroacetamide herbicide that inhibits very long-chain fatty acid
synthesis (Fuerst, 1987). Although labeled in bermudagrass, S-metolachlor is more
commonly used for weed control in corn and other agricultural crops (Clewis et al., 2006;
O’Connell et al., 1998). Brecke et al. (2005) determined that preemergence applications of
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S-metolachlor (4.48 kg ai ha-1) reduced purple nutsedge total and viable tuber densities 65
and 69%, respectively. In a separate study, S-metolachlor applied at 4.4 kg ai ha-1 provided
70-79% spotted spurge control by 8 WAT; however, hybrid bermudagrass cover was
reduced (McCullough et al., 2012).
Indaziflam is considered an alkylazine herbicide that inhibits cellulous biosynthesis
in both monocots and dicots weeds (Brabham et al., 2014). Brosnan et al. (2011) was able
to effectively control smooth crabgrass with various rates of indaziflam (0.035, 0.0525,
and 0.070 kg ai ha-1) at early preemergence, preemergence, and early postemergence
application timings based on soil temperature (4-7 °C, 12-13 °C, and 16-21 °C,
respectively). Indaziflam at various rates (0.030, 0.040, 0.050, and 0.060 kg ai ha-1) applied
preemergence provided 93 to 100% control of annual bluegrass in bermudagrass when
measured 28 weeks after treatment (WAT; Brosnan et al., 2012). Perry et al. (2011)
determined that 60 g ai ha-1 of indaziflam applied in November controlled annual bluegrass
greater than 90%, 20 weeks after treatment, and large crabgrass greater than 90%, 29 weeks
after treatment. Brosnan and Breeden (2012) determined that foliar-only applications of
indaziflam never controlled smooth crabgrass greater than 28%. However, in the same
study, soil + foliar, and soil-only applications of indaziflam controlled smooth crabgrass
greater than 90%.
Preemergence Herbicide Effects on Bermudagrass
Previous research has determined that preemergence herbicides provide adequate
weed control but may have negative effects on turfgrass establishment (Brosnan et al.,
2014; Johnson, 1975; Sharpe et al., 1989). Prodiamine and pendimethalin, in particular,
have been described as being mitotic inhibiting herbicides that cause malformed or
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“stubby” or “clubby” roots of hybrid bermudagrass (Vaughn and Vaughn, 1990; Weber,
1990). Johnson (1996a) was able to control large crabgrass and goosegrass with dithiopyr
(0.11 kg ai ha-1) and prodiamine (0.17 kg ai ha-1) for preemergence weed control without
reducing the quality of common bermudagrass. However, applications of prodiamine at 0.8
kg ai ha-1 and dithiopyr at 0.6 kg ai ha-1 reduced hybrid bermudagrass cover compared to a
nontreated control when measured 12 weeks after sprigging (McCarty and Weinbrecht,
1997). Similarly, Fagerness et al. (2002) determined that full rates of prodiamine and
dithiopyr reduced hybrid bermudagrass cover by as much as 25% initially, but no
significant reductions in hybrid bermudagrass cover were observed by the end of the
growing season. Prodiamine, pendimethalin, and dithiopyr increased the number of roots
that were considered abnormal (less than 2.5 cm, lacked secondary root formation, or
swollen; Fishel and Coats, 1994). In the same study, common rates of dithiopyr and
prodiamine reduced root fresh weight of hybrid bermudagrass plugs when compared to
either pendimethalin or granular applied oxadiazon.
Brecke et al. (2010) determined that oxadiazon did not reduce turfgrass coverage
at any application timing (1 week before sprigging, at sprigging, 2 weeks after sprigging,
or 4 weeks after sprigging). Similarly, Bingham and Hall (1985) determined that
applications of oxadiazon did not negatively affect shoot or root growth of ‘Tifway’ hybrid
bermudagrass throughout establishment. When measured 8 weeks after treatment,
oxadiazon (1.1, 2.2, and 4.4 kg ai ha-1) and S-metolachlor (1.1 and 2.2 kg ai ha-1) did not
delay hybrid bermudagrass establishment relative to the nontreated (McCullough et al.,
2012). However, in the same study, the higher rate of S-metolachlor (4.4 kg ai ha-1) did
significantly reduce hybrid bermudagrass cover when measured at the same time interval.
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Similarly, Bingham and Schmidt (1983) determined that oxadiazon (1.7 and 3.4 kg ai ha1

) did not significantly reduce root growth of hybrid bermudagrass. However, despite

maintaining adequate root growth for proper plant function, the higher rate of oxadiazon
(6.7 kg ai ha-1) reduced hybrid bermudagrass root growth in the same study. Brosnan et al.
(2014) determined that pendimethalin (3.36 kg ai ha-1), dithiopyr (0.56 kg ai ha-1),
prodiamine (0.6 kg ai ha-1), oxadiazon (3.36 kg ai ha-1), prodiamine + sulfentrazone (0.84
+ 0.41 kg ai ha-1), dimethenamid-P (1.68 kg ai ha-1), and indaziflam (0.03 and 0.05 kg ai
ha-1) delayed hybrid bermudagrass establishment (42-103 days) when compared to a
nontreated control (37 days).
Harvestability of Sod
Harvestability can be defined as the ability of sod to withstand common harvest
procedures, as well as transportation and application at a new location (Burns and Futral,
1980). The harvestability of sod is closely related to the tensile strength and root
characteristics of the sod. Sharpe et al. (1989) determined that preemergence herbicides
did not significantly reduce sod tensile strength when applied after spring green-up
compared to a nontreated control. However, Brosnan et al. (2014) determined applications
of indaziflam applied immediately before sprigging reduced hybrid bermudagrass sod
strength compared to a nontreated control when harvested 1 year after treatment. Parish
(1995), Sorochan and Rogers (1999), Friell et al. (2016) and others have developed sod
strength devices that can be used to measure the linear tear strength of a piece of sod.
Although beyond the scope of this research project, there are numerous variables that are
likely to affect sod tensile strength, most notably age of sod, dimensions of tested material,
and soil thickness (Heckman et al. 2001; Mitchell and Disckens, 1979; Parish, 1995).
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However, Friell et al. (2016) determined that thatch development was only weakly
correlated with either maximum tensile load (N) or work required to tear sod (Nm).
Turfgrass Root Carbohydrates
Nonstructural carbohydrates within turfgrass roots may have an impact in spring
green-up and spring transition from dormancy (Macolino et al., 2010; Schiavon et al.,
2016). Smith et al. (1975) determined that a single application of atrazine at 4.48 and 8.96
kg ai ha-1 reduced total carbohydrate content in bermudagrass for 6 weeks following
treatment. However, additional research demonstrating the effects of herbicide applications
on carbohydrates specifically located in hybrid bermudagrass root tissues is lacking.
Previous research has indicated changes in nonstructural carbohydrate concentrations in
response to other environmental stresses. Xu and Huang (2000) determined that
environmental stress factors, such as air and soil temperatures, affect soluble sugar
concentrations within turfgrass roots. For example, Huang and Gao (2000) observed
decreased total nonstructural carbohydrates after increasing temperatures from 20 to 38 °C.
Additionally, nonstructural carbohydrate concentrations in creeping bentgrass shoot and
root tissue decreased from cool spring to hot summer (Xu and Huang, 2003).
Digital Image Analysis
Turfgrass quality and cover have historically been visually assessed by trained
turfgrass professionals (Karcher et al., 2003; Karcher et al., 2005; Richardson et al., 2001).
However, a common critique of traditional visual evaluation methods are that they lack
objectivity and are difficult to reproduce (Horst et al., 1984). Richardson et al. (2001)
developed an accurate measurement for turfgrass quality characteristics using digital image
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analysis. Digital image analysis has been used in other studies to perform similar
measurements in agricultural crops and soil microbes (Caldwell et al., 1992; O’Neal et al.,
2002). By using software such as SigmaScan Pro (v. 5.0, SPSS, Inc., Chicago, IL 60611),
Richardson et al. (2001) were able to count the number of green pixels in an image,
quantifying the amount of green plant tissue present in the image. By dividing this number
by the total number of pixels in the image, Richardson et al. (2001) were able to obtain a
quantity for percent turfgrass cover. Richardson et al. (2001) used a customized monopod
which allowed the camera to be positioned such that images were obtained without
obstructions from the photographer or camera stand. The camera settings were consistent
between photos, and all images were captured in full sunlight between 1400-1600 hours.
Other researchers using similar digital image analysis methodology have confined
photography to a controlled light environment (sometimes referred to as a light box) to
account for the variability in light intensity (Friell et al., 2013; Jeffries et al., 2016; Young
et al., 2010).
Root Analysis Software
Despite the importance of root functions in a plant, there are very few ways to
accurately measure certain fundamental root characteristics, such as root length, volume,
and surface area (Pang et al., 2011). Historically, root measurements were taken by
manually counting root intersections and measuring root length, which can be timeconsuming and lead to variable and inaccurate results (Wang et al., 2009). The WinRHIZO
root-scanning image analysis software (Regent Instruments, Québec, Canada) was
developed to accurately measure root morphological characteristics, such as root length,
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surface area, and average diameter, and is comparable to other root-scanning analysis
software (Pang et al., 2011; Wang et al., 2009).
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CHAPTER II
EFFECTS OF PREEMERGENCE HERBICIDES ON SPRIGGED ESTABLISHMENT
AND SOD TENSILE STRENGTH OF HYBRID BERMUDAGRASS
Introduction
Bermudagrass (Cynodon spp.) is commonly grown commercially as sod throughout
the southern United States and other warm-season climates (McCalla et al., 2008). To meet
the consumer demand for high quality sod, sod producers must account for aesthetic
appearance, harvestability, and establishment characteristics (Sharpe et al. 1989). Annual
grassy weeds, such as crabgrass (Digitaria spp Haller) and goosegrass (Eleusine indica
(L.) Gaertn.), populations present during establishment can reduce sod quality and delay
grow-in (Fishel and Coats, 1994; Johnson, 1996).
Sod producers have historically relied on postemergence herbicide applications to
control these annual grassy weeds during establishment and throughout the growing
season. However, through recent regulations and increased concern over herbicide
resistance, the application of preemergence herbicides, such as prodiamine, pendimethalin,
and oxadiazon, has become a common practice to control weeds throughout establishment
in sod production. However, many preemergence herbicides are particularly harmful to
newly sprigged hybrid bermudagrass (Cynodon dactylon (L.) Pers. × C. transvaalensis
Burtt-Davy; Brosnan et al., 2014; Fagerness et al., 2002; Fishel and Coats, 1994). For
example, prodiamine (0.60 kg ai ha-1), pendimethalin (3.36 kg ai ha-1), oxadiazon (3.36 kg
ai ha-1), prodiamine + sulfentrazone (0.84 + 0.41 kg ai ha-1), dimethenamid-P (1.68 kg ai
ha-1), and indaziflam (0.03 and 0.05 kg ai ha-1) applied immediately prior to sprigging
increased the number of days to reach 50% hybrid bermudagrass cover compared to the
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control plots (Brosnan et al. 2014). Similarly, McCarty and Weinbrecht (1997) determined
that prodiamine at 0.8 kg ai ha-1 and dithiopyr at 0.6 kg ai ha-1 applied at sprigging
significantly reduced hybrid bermudagrass cover compared to a nontreated control for 12
weeks after treatment (WAT). Fagerness et al. (2002) also determined that fall applications
of prodiamine and dithiopyr at full rates suppressed hybrid bermudagrass establishment by
as much as 25% in North Carolina, but hybrid bermudagrass outgrew the herbicidal effects
by the end of the growing season. However, Fagerness et al. (2002) did not observe any
reductions in hybrid bermudagrass cover with pendimethalin (1.7 kg ai ha-1) or oxadiazon
(3.4 kg ai ha-1). Boyd and Baird (1997) reported reductions in hybrid bermudagrass
establishment after applying prodiamine (0.8 kg ai ha-1), pendimethalin (1.7 kg ai ha-1), and
dithiopyr (0.6 kg ai ha-1) at sprigging compared to the control plots 28 days after treatment
(DAT). However, no significant reductions in hybrid bermudagrass cover were reported
by 10 WAT. S-metolachlor (1.1 and 2.2 kg ai ha-1) and oxadiazon (1.1, 2.2, and 4.4 kg ai
ha-1) did not reduce hybrid bermudagrass cover relative to the nontreated when measured
8 WAT. However, higher rate of S-metolachlor (4.4 kg ai ha-1) significantly reduced hybrid
bermudagrass cover measured 8 WAT (McCullough et al., 2012).
Reductions in hybrid bermudagrass root growth and establishment have been
known to reduce sod tensile strength at harvest (Bingham and Schmidt, 1983). Previous
research on preemergence herbicide examining tensile strength for sod production Iis
limited. Brosnan et al. (2014) reported that indaziflam applied at 0.03 and 0.05 kg ai ha-1
reduced sod tensile strength when harvested 377 d after sprigging by 316 and 356 N,
respectively. However, pendimethalin (3.36 kg ai ha-1), dithiopyr (0.56 kg ai ha-1),
prodiamine (0.6 kg ai ha-1), oxadiazon (3.36 kg ai ha-1), prodiamine + sulfentrazone (0.84
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+ 0.41 kg ai ha-1), and dimethenamid-P (1.68 kg ai ha-1) did not reduce sod tensile strength
when harvest 377 d after sprigging. Similarly, neither oxadiazon (2.2 and 4.5 kg ai ha-1)
nor pendimethalin (1.7 and 3.4 kg ai ha-1) reduced sod tensile strength of hybrid
bermudagrass when measured 8 WAT (Sharpe et al., 1989).
Reductions in hybrid bermudagrass root growth and establishment have been
known to reduce sod tensile strength at harvest (Bingham and Schmidt, 1983). However,
the effects of many preemergence herbicides commonly used in sod production on sod
tensile strength is limited. Brosnan et al. (2014) reported reduced sod tensile strength
following applications of indaziflam (0.03 and 0.05 kg ai ha-1) when harvest 377 d after
sprigging. However, pendimethalin (3.36 kg ai ha-1), dithiopyr (0.56 kg ai ha-1), prodiamine
(0.6 kg ai ha-1), oxadiazon (3.36 kg ai ha-1), prodiamine + sulfentrazone (0.84 + 0.41 kg ai
ha-1), and dimethenamid-P (1.68 kg ai ha-1) did not reduce sod tensile strength when harvest
377 d after sprigging. Similarly, neither oxadiazon (2.2 and 4.5 kg ai ha -1) nor
pendimethalin (1.7 and 3.4 kg ai ha-1) reduced sod tensile strength of hybrid bermudagrass
when measured 8 WAT (Sharpe et al., 1989).
Preemergence herbicides may be a valuable tool for sod producers to incorporate
into their weed control programs during establishment and grow-in of hybrid bermudagrass
sod and improve sod quality at harvest. While several preemergence herbicides have been
well documented as having detrimental effects on hybrid bermudagrass sod, research is
limited describing the effects of many other preemergence herbicides being used in sod
production on hybrid bermudagrass. Literature describing the effects of preemergence
herbicides on hybrid bermudagrass sprigged and harvested within the same growing season
is also limited. Therefore, the objective of this research was to determine the effects of
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commonly used preemergence herbicides on grow-in and sod tensile strength of newly
sprigged hybrid bermudagrass.
Materials and Methods
Research was conducted at the Mississippi State University Turfgrass Research
Center on the R.R. Foil Plant Science Farm near Starkville, MS from May to November
2016 and repeated from May to September 2017. Experimental design for both years was
a randomized complete block design with four replications. Preemergence herbicide
treatments are included in Table 2.1 and included a nontreated check for comparison. The
site for both years contained a native fine sandy loam soil. Before initiating this research
in both years, the site received multiple broadcast applications of glyphosate (Roundup
PowerMax®, 1.26 kg ae ha-1, Monsanto, St. Louis, MO), and was tilled and leveled using
a Blecavator™ 5V175 (Blec Global Ltd., Peterborough, UK). Experimental units (1.52 m
× 3.05 m, 4.65 m2) were sprigged with ‘Latitude 36’ hybrid bermudagrass (Cynodon
dactylon (L.) Pers. × C. transvaalensis Burtt-Davy) on 10 May 2016 and again on 10 May
2017. Sprigs were hand-broadcast within each plot to a rate of 44 m3 ha-1. Preemergence
herbicide treatments were applied over the top of sprigs one day after planting with a CO₂
powered backpack sprayer calibrated to 374 L ha-1 using 11004 flat-fan spray nozzles
(TeeJet, Spraying Systems Co., Roswell, GA; Table 1). Plots were irrigated immediately
after treatment using an in-ground irrigation system, and received irrigation daily or as
needed throughout the study. Each site was fertilized based upon soil test
recommendations. Sprigs were fertilized on 23 May 2016 and again on 7 July 2016 to a
rate of 49 kg nitrogen (N) ha-1 using Andersons (The Andersons, Inc., Maumee, OH) 233-10 fertilizer. During 2017, sprigs were fertilized on 12 May 2017 and again on 19 June
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2017 to a rate of 49 kg N ha-1 with urea (EarthMate 46-0-0, Earth-Tec Ltd., Heath Hayes,
UK). Starting 4 weeks after treatment (WAT), plots were reel-mown weekly at 3.8 cm with
clippings returned (Tri-King Reel Mower, Jacobsen, Charlotte, NC). Broadcast
applications of halosulfuron-methyl (SedgeHammer®, 69.5 g ai ha-1, Gowan Company,
Yuma, AZ) and quinclorac (Drive®, 0.84 kg ai ha-1, BASF Corporation, Research Triangle,
NC) were made on 8 July 2016 and 16 June 2017 to control sedge, crabgrass, and other
escaped weeds.
Cover Analysis
Treatment effects on hybrid bermudagrass cover were assessed every two weeks
throughout the course of the experiment. Visual estimates of cover were assessed on a 0100% scale (0 = bare ground, 100 = complete cover). Spectral reflectance of five
subsamples per experimental unit were measured at 670 nm (red), 730 nm (red edge), and
780 nm (near infrared) using a Holland Scientific RapidScan CS45 handheld crop sensor
(Holland Scientific Inc., Lincoln, NE) held 110 cm above and perpendicular to the canopy.
Subsamples of a 2 m linear transect were taken, with approximately 60 cm spacings
between each measurement. Normalized difference vegetative index (NDVI), simple ratio
vegetative index (RVI), and relative chlorophyll concentration (CI-RE) were calculated
upon analysis within the TurfScout (TurfScout, LLC, Greensboro, NC) remote sensing
analysis software. These spectral reflectance values were measured to provide a more
objective alternative to traditional visual estimates of turfgrass cover (Bell et al., 2002;
Keskin et al., 2008; Bremer et al., 2011).
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Sod Tensile Strength
Sod tensile strength was measured 26 WAT in 2016 and 18 WAT in 2017. Three
subsamples (30.3 cm × 40.6 cm, 1230 cm2) were harvested to a depth of 2 cm from each
plot using a walk-behind sod harvester (Ryan Jr. Sod Cutter, CGC Inc., Johnson Creek,
WI.). Sod tensile strength was tested using a device similar to that described by Friell et al.
(2016) with minor modifications. Individual sod samples were placed between one static
clamp and one sliding clamp, with the direction of force pulling perpendicular to the
longest sod edge. Each clamp closes independent of the other. Sod is held in place by 12
cylindrical pins (2.5 cm length × 0.64 cm diameter) that are linearly spaced 2.5 cm apart
running parallel to the longest sod edge. A Firgelli FA-PO-240 electric linear actuator
(Firgelli Automations, Ferndale, WA) provided the tensile load to the sod, which was
measured by a Sensortronics 60001-300 load cell (Vishay Intertechnology, Inc., Malvern,
PA) mounted to the static clamp. The distance traveled by the sliding clamp (i.e.
displacement) during the stretching process was measured by a string potentiometer within
the linear actuator. All data was collected and stored using an Arduino Uno programmable
microcontroller (Arduino Project, www.arduino.cc). Data measurements were taken every
few milliseconds during the stretching process, which allowed for tensile load to be plotted
verses displacement. The peak force (PF) was recorded for each sod sample, as well as the
area under the load displacement curve. The area under the curve represents the amount of
work required to tear the piece of sod (WTT). While PF and WTT are often correlated, it
was hypothesized that some sod samples would handle the stretching process differently.
While some sod samples may have a higher stretching capacity than others despite not
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sustaining a high tensile load, others may sustain a higher tensile load, but break rather
quickly. Therefore, both PF and WTT data are reported.
Statistical Analysis
Percentage hybrid bermudagrass cover, NDVI, RVI, CI-RE, and sod tensile
strength data were subject to analysis of variance within SAS Proc ANOVA (Version 9.4;
SAS Institute Inc., Cary, NC). Sod tensile strength data were subject to means separation
within Fisher’s Protected LSD (α=0.05) in SAS Proc GLM. Hybrid bermudagrass cover,
NDVI, RVI, and CI-RE data were log transformed and subject to a non-linear sigmoidal
variable slope regression model to determine the time to 50% maximum response:
100

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = 1+10[(𝐷𝑎𝑦𝑠₅₀−𝐷𝐴𝑇)𝑠𝑙𝑜𝑝𝑒]

Eq. 2.1

where Measured Response represents the measured % cover, NDVI, RVI, or CI-RE
response, DAT is days after treatment, Days₅₀ represents the logarithmic equivalent for the
regression estimate of days to reach 50% maximum response, and slope estimates indicate
how quickly hybrid bermudagrass growth increased over time. An upper constraint was
placed on each sigmoidal curve to allow for proper representations of the data for each
response variable. For 2016 data, upper constraints included: 100 for percentage cover
representing 100%, 1 for NDVI data representing the maximum possible NDVI
measurement, 16.2131 for RVI data representing the maximum overall RVI measurement
recorded in 2016, and 1.85229 for CI-RE data representing the maximum overall CI-RE
measurement recorded in 2016. For 2017 data, upper constraints included: 100 for
percentage cover, 1 for NDVI data, 11.9758 for RVI data representing the maximum
overall RVI measurement recorded in 2017, and 1.54076 for CI-RE data representing the
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maximum overall CI-RE measurement recorded in 2017. A lower constraint of 0 was
placed on all sigmoidal curves for each response variable. All non-linear regression
analyses were performed using GraphPad 7 software (GraphPad Software, San Diego,
CA). Predicted 95% confidence intervals for days to reach 50% maximum response
determined differences between regression estimates for all response variables.
Results and Discussion
Visually estimated hybrid bermudagrass cover, NDVI, RVI, CI-RE, and sod tensile
strength differed due to herbicide treatment. Significant year-by-treatment interactions
were observed for all response variables. Therefore, results are presented separately by
year for each response variable. The varied results by year are likely due to more rainfall
and better hybrid bermudagrass growing conditions in 2017 compared to 2016. In an
attempt to hold conditions similar, we harvested 56 days earlier in 2017 in order to
approximate the same amount of time after 100% cover had been reached (approximately
84 days).
Percentage Hybrid Bermudagrass Cover
Among herbicide treatments, dithiopyr, simazine, S-metolachlor, flumioxazin, and
indaziflam increased Days₅₀ when compared to the nontreated in 2016 (Table 2.2).
However, in 2017, all herbicide treatments other than atrazine, simazine, liquid applied
oxadiazon, and granular applied oxadiazon increased Days₅₀ when compared to the
nontreated. Dithiopyr, S-metolachlor, flumioxazin, and indaziflam were the only herbicide
treatments to increase Days₅₀ when compared to the nontreated in both years of the
experiment.
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Normalized Difference Vegetative Index
Among herbicide treatments, dithiopyr, simazine, S-metolachlor, and flumioxazin
increased the days to reach 50% maximum NDVI value when compared to the nontreated
in 2016 (Table 2.3). Indaziflam treated plots failed to entirely grow in 2016. As a result,
the non-linear sigmoidal regression model did not converge to the data, and the predicted
95% confidence interval was too wide to detect differences. In 2017, all herbicide
treatments other than atrazine, simazine, liquid applied oxadiazon, and granular applied
oxadiazon increased days to reach 50% maximum NDVI when compared to the nontreated.
Dithiopyr, S-metolachlor, and flumioxazin were the only treatments to increase time to
reach 50% maximum NDVI value in both years of the experiment. However, the trends of
indaziflam in both 2016 and 2017 also suggest that indaziflam increased time to 50%
maximum NDVI value, despite the sigmoidal curve not converging to the data in 2016.
Ratio Vegetative Index
Preemergence herbicide treatments did not increase time to 50% maximum RVI
value when compared to the nontreated in either year of the experiment (Table 2.4).
However, similarly to the other spectral reflectance parameters, the sigmoidal regression
model for indaziflam in 2016 did not converge to the data, making the 95% confidence
interval too wide to detect differences. For all other treatments in either year, the predicted
95% confidence intervals for days to reach 50% maximum RVI values were relatively large
when compared to the other two spectral reflectance parameters. This is likely due to the
high variability within the construction of the RVI value within the Holland Scientific
RapidScan CS45 device.
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Relative Chlorophyll Concentration
Among herbicide treatments, dithiopyr, simazine, and flumioxazin were the only
treatments to increase time to 50% maximum CI-RE value when compared to the
nontreated in 2016 (Table 2.5). Similarly to the 2016 NDVI and RVI data, the sigmoidal
regression model for indaziflam in 2016 did not converge to the data, making the predicted
95% confidence interval too wide to detect differences. However, only prodiamine,
dithiopyr, flumioxazin, and indaziflam increased days to 50% maximum CI-RE values
when compared to the nontreated in 2017. In both years, only dithiopyr and flumioxazin
increased days to 50% maximum CI-RE value when compared to the nontreated. Similarly
to the NDVI data, the trends of indaziflam in both 2016 and 2017 also suggest that
indaziflam increased days to 50% maximum CI-RE, despite the data not converging to the
sigmoidal regression model in 2016.
Sod Tensile Strength
Sod tensile strength was measured once 100% hybrid bermudagrass cover was
achieved within the same growing season. Harvest timing was based on number of days
following complete grow in of sod. Preemergence herbicide treatments did not reduce PF
during either year of the experiment when compared to the nontreated (Table 2.6).
However, in 2017, prodiamine, pendimethalin, dithiopyr, S-metolachlor, and flumioxazin
significantly increased PF when compared to the nontreated. Similarly, no herbicide
treatments reduced WTT during either year when compared to the nontreated. However,
prodiamine, pendimethalin, dithiopyr, S-metolachlor, and flumioxazin significantly
increased WTT when compared to the nontreated in 2017. While unexpected, the increases
in sod tensile strength observed from these herbicides in 2017 were likely due to the most
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recent production of rhizomes, stolons, and roots by hybrid bermudagrass in those plots
compared to the nontreated. It is also likely that the delay in establishment caused by these
herbicides caused a swing effect in growth after the new rhizomes, stolons, and roots broke
through the herbicide layer, causing maximum growth at or immediately prior to the time
of harvest, leading to a temporary increase in sod tensile strength.
Overall, prodiamine, pendimethalin, dithiopyr, atrazine + S-metolachlor, simazine,
S-metolachlor alone, flumioxazin, and indaziflam most severely affected hybrid
bermudagrass establishment. The results from this study support past research
demonstrating reduced hybrid bermudagrass establishment after application of dithiopyr,
S-metolachlor, flumioxazin, and indaziflam (Brosnan et al., 2014; Fagerness et al., 2002;
McCullough et al., 2012). However, the observed effects of pendimethalin and prodiamine
in this study differed by year, not delaying establishment in 2016 but delaying hybrid
bermudagrass establishment in 2017. The results observed in 2017 are similar to those of
Brosnan et al. (2014) and others, who have reported reduced hybrid bermudagrass
establishment after applications of prodiamine and pendimethalin. Similarly, results
observed after liquid and granular formulations of oxadiazon in this study also support
previous studies demonstrating minimal effects of oxadiazon on hybrid bermudagrass
establishment (Brecke et al., 2010; Bingham and Schmidt, 1983; McCullough et al., 2012).
The observed effects of indaziflam and S-metolachlor on hybrid bermudagrass
support current labeling which only allows applications of these herbicides after hybrid
bermudagrass is fully established (Anonymous, 2003; Anonymous, 2012). Despite the
limited use of flumioxazin in sod production, flumioxazin was included in this study due
to its shared mode of action with oxadiazon (both being protoporphyrinogen oxidase
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inhibitors). While flumioxazin is effective in controlling many broadleaf and grassy weeds
resistant to mitotic and photosystem II inhibiting herbicides, the results of this study
suggest that flumioxazin may unacceptably delay hybrid bermudagrass establishment
when applied directly after sprigging.
Sod tensile strength results observed in the current study differ from those found
by Brosnan et al. (2014) and others, demonstrating reduced sod tensile strength caused by
applications of indaziflam and other preemergence herbicides measured 1 year after
treatment. However, results are similar to those of Sharpe et al. (1989), demonstrating no
significant reductions in sod tensile strength after applications of simazine at 2.2 and 3.4
kg ai ha-1, pendimethalin and 1.7 and 3.4 kg ai ha-1, oxadiazon at 2.2 and 4.5 kg ai ha-1, and
atrazine at 2.2 and 3.4 kg ai ha-1 measured at 2, 4, and 8 WAT on mature sod. However,
the increases in sod tensile strength observed in the current study after applications of
prodiamine, pendimethalin, dithiopyr, S-metolachlor, and flumioxazin have not been
observed in past research. Increases in sod tensile strength observed after applications of
these herbicides are likely related to the age and growth responses of the sod, which will
differ with time after treatment. This hypothesis would need to be tested in a separate study
to evaluate harvest timing effects after herbicide treatment.
Results suggest that, although many of these preemergence herbicides may delay
grow-in and establishment of hybrid bermudagrass sod, the herbicidal effects will not
reduce sod tensile strength at harvest. These results should assist sod producers and other
turf managers in developing weed control programs during the establishment of hybrid
bermudagrass from sprigs. Future research should further evaluate the effects of
preemergence herbicides on other warm-season turfgrass species, as well as the effects of
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these same preemergence herbicides on hybrid bermudagrass root architecture and
establishment.
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Table 2.1

Preemergence herbicide treatments used to determine the effects of
preemergence herbicides on ‘Latitude 36’ hybrid bermudagrass root growth
and grow-in.
Herbicide

Active ingredient

Rate
kg ai ha-1

Nontreated

--

--

prodiamine

0.59

pendimethalin

1.66

Dimension 2EW

dithiopyr

0.56

AAtrex

atrazine

1.12

Princep 4L

simazine

2.24

atrazine + S-metolachlor

1.12 + 0.86

Ronstar 50 WSP

oxadiazon

2.24

Ronstar G

oxadiazon

2.24

SureGuard

flumioxazin

0.29

S-metolachlor

2.78

indaziflam

0.03

Barricade 4L
Pendulum AquaCap 3.8L

AAtrex + Pennant Magnum

Pennant Magnum
Specticle FLO
a

Liquid formulations of preemergence herbicide treatments were applied using a CO₂powered backpack sprayer calibrated to 374 L ha-1 using 11004 flat-fan spray nozzles.
b
Granular formulation of oxadiazon was applied broadcast by hand.

30

31
2.24
0.29
0.03

oxadiazon WSP

flumioxazin

indaziflam

Lower

137

74

50

48

74

57

66

56

78

55

60

52b

132

68

42

44

68

52

60

49

73

48

54

47

143

80

60

53

79

63

74

64

84

63

67

57

Higher

-----------d-----------

Days₅₀

0.86

0.83

0.60

0.85

0.83

0.80

0.75

0.68

0.81

0.71

0.75

0.82

r2

Lower

73

45

29

31

41

37

31

31

53

40

44

27

63

42

27

28

39

35

29

29

48

37

40

25

83

48

30

33

44

39

33

33

58

42

48

29

Higher

-----------d-----------

Days₅₀

2017
Days₅₀ 95% CI

Year-by-treatment interaction was significant; therefore, years are presented separately.
Percentage cover was visually estimated (0% = bare soil, 100% = complete turf canopy) every 2 weeks.

2.24

oxadiazon G

b-

a

2.78

1.12 + 0.86

S-metolachlor

atrazine + S-metolachlor

2.24

0.56

dithiopyr

simazine

1.66

pendimethalin
1.12

0.59

prodiamine

atrazine

--

kg ai ha-1

Rate

Days₅₀ 95% CI

2016a

0.65

0.94

0.95

0.91

0.94

0.96

0.92

0.91

0.88

0.95

0.89

0.92

r2

Regression estimates of 95% confidence intervals (CI) for the number of days to reach 50% hybrid bermudagrass
cover (Days₅₀) following preemergence herbicide applications.

nontreated

Herbicide

Table 2.2

32

a

1.66
0.56
1.12
2.24

pendimethalin

dithiopyr

atrazine

simazine

2.24
2.24
0.29
0.03

oxadiazon G

oxadiazon WSP

flumioxazin

indaziflam

Lower

58

36

36

52

36

53

35

60

35

47

39

63

41

40

57

40

58

40

67

40

52

(Model did not converge)

54

32

34

48

32

49

31

55

31

43

36

43

Higher

-----------d-----------

Days₅₀

0.57

0.59

0.73

0.53

0.62

0.57

0.56

0.46

0.56

0.59

0.69

r2

Year-by-treatment interaction was significant; therefore, years are presented separately.

2.78

S-metolachlor

1.12 + 0.86

0.59

prodiamine

atrazine + S-metolachlor

--

kg ai ha-1

Rate

Days₅₀ 95% CI

2016a

Lower

55

31

19

15

29

21

17

17

36

22

28

15

48

27

16

13

24

18

14

14

30

19

23

12

62

36

22

18

33

25

21

20

40

25

32

17

Higher

-----------d-----------

Days₅₀

Days₅₀ 95% CI

2017

Regression estimates of 95% confidence intervals (CI) for the number of days to reach 0.5 normalized difference
vegetative index (Days₅₀) following preemergence herbicide applications.

nontreated

Herbicide

Table 2.3

0.46

0.70

0.71

0.71

0.72

0.71

0.69

0.70

0.66

0.73

0.68

0.71

r2

33
2.24
0.29
0.03

oxadiazon WSP

flumioxazin

indaziflam

Lower

Higher

115

103

95

108

96

118

105

117

114

115

106

121

110

100

114

102

126

114

123

125

120

113

(Model did not converge)

109

96

91

102

90

110

97

112

103

110

99

-----------d-----------

Days₅₀

0.62

0.61

0.75

0.60

0.64

0.57

0.55

0.59

0.50

0.68

0.63

r2

Lower

Higher

Days₅₀ 95% CI

2017

112

81

72

87

73

77

78

82

85

78

81

83

100

73

61

70

66

67

64

68

78

70

73

67

134

93

88

117

82

93

99

104

94

90

91

109

-----------d-----------

Days₅₀

Year-by-treatment interaction was significant; therefore, years are presented separately.

2.24

oxadiazon G

a

2.78

1.12 + 0.86

S-metolachlor

atrazine + S-metolachlor

2.24

0.56

dithiopyr

simazine

1.66

pendimethalin
1.12

0.59

prodiamine

atrazine

--

kg ai ha-1

Rate

Days₅₀ 95% CI

2016a

Regression estimates of 95% confidence intervals (CI) for the number of days to reach 50% maximum ratio
vegetative index (Days₅₀) following preemergence herbicide applications.

nontreated

Herbicide

Table 2.4

0.47

0.57

0.49

0.41

0.56

0.51

0.43

0.47

0.61

0.56

0.58

0.43

r2

34

1.66
0.56
1.12
2.24

pendimethalin

dithiopyr

atrazine

simazine

2.24
0.29
0.03

oxadiazon WSP

flumioxazin

indaziflam

Lower

Higher

96

83

79

89

76

94

80

98

84

88

80

106

93

86

98

85

106

91

106

97

108

90

(Model did not converge)

101

88

83

94

80

100

86

102

90

97

85

-----------d-----------

Days₅₀

0.65

0.66

0.78

0.67

0.71

0.64

0.64

0.65

0.60

0.25

0.70

r2
Lower

Higher

Days₅₀ 95% CI

2017

77

54

44

43

51

47

44

44

60

52

56

42

72

50

39

37

47

42

39

39

56

48

52

37

84

58

48

49

55

51

49

50

64

56

61

48

-----------d-----------

Days₅₀

Year-by-treatment interaction was significant; therefore, years are presented separately.

2.24

oxadiazon G

a

2.78

S-metolachlor

1.12 + 0.86

0.59

prodiamine

atrazine + S-metolachlor

--

kg ai ha-1

Rate

Days₅₀ 95% CI

2016a

0.59

0.71

0.66

0.61

0.69

0.65

0.63

0.63

0.71

0.69

0.67

0.65

r2

Regression estimates of 95% confidence intervals (CI) for the number of days to reach 50% maximum relative
chlorophyll concentration (Days₅₀) following preemergence herbicide applications.

nontreated

Herbicide

Table 2.5

0.56
1.12

dithiopyr

atrazine

2.24
2.24
0.29
0.03

oxadiazon G

oxadiazon WSP

flumioxazin

indaziflam

603.4 c

694.2 abc

581.6 c

707.1 abc

739.9 abc

681.5 abc

814.4 a

765.98 ab

769.6 ab

686.5 abc

703.7 abcb
621.5 bc

12.12 abc

14.11 abc

10.31 c

13.23 abc

14.10 abc

13.74 abc

16.22 a

14.06 abc

14.86 ab

13.61 abc

12.74 abc
10.99 bc

Nm

WTT

257.2 bc

297.1 ab

184.2 d

223.6 cd

313.6 ab

211.3cd

219.7 cd

226.2 cd

357.2 a

323.2 a

218.4 cd
327.2 a

N

PF

Nm

WTT

4.80 bcd

5.48 abc

2.98 e

3.93 cde

5.49 abc

3.39 de

3.77 de

4.18 cde

6.84 a

5.81 ab

3.68 de
6.22 ab

2017

-159.4
4.38
64.60
1.63
a
Year-by-treatment interaction was significant for sod tensile strength data; therefore, years are presented separately.
b
Means followed by the same letter in a column are not significantly different.

LSD0.05

2.78

1.12 + 0.86

S-metolachlor

atrazine + S-metolachlor

2.24

1.66

pendimethalin

simazine

-0.59

N

kg ai ha-1

nontreated
prodiamine

PF

Rate

2016a

Effects of preemergence herbicide applications on hybrid bermudagrass sod tensile strength measured 184 days after
treatment (DAT) in 2016 and 128 DAT in 2017.

Herbicide

Table 2.6
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CHAPTER III
PREEMERGENCE HERBICIDE EFFECTS ON HYBRID BERMUDAGRASS ROOT
ARCHITECTURE AND ESTABLISHMENT
(In review) As submitted to HortScience Research Journal for publication:
Begitschke, E.G., J. McCurdy, T. Tseng, T.C. Barickman, B.R. Stewart, C.M. Baldwin,
M.P. Richard, and M. Tomaso-Peterson. 2017. Preemergence Herbicide Effects on Hybrid
Bermudagrass Root Architecture and Establishment. HortScience.
Introduction
Bermudagrass [Cynodon dactylon (L.) Pers.] is commonly produced as sod
throughout the southern United States and other temperate or transition climate zones
throughout the world, with the majority of growers producing vegetatively propagated
hybrid bermudagrass varieties (McCalla et al. 2008). To meet the demand for quality sod,
producers must account for the aesthetic, harvesting, and establishment characteristics for
hybrid bermudagrass sod (Sharpe et al. 1989). Annual grassy weeds, such as crabgrass
(Digitaria spp. Haller) and goosegrass [Eleusine indica (L.) Gaertn.], commonly germinate
during hybrid bermudagrass establishment, which can reduce turfgrass quality and
harvesting characteristics of sod (Fishel and Coats, 1994; Johnson, 1996). Many sod
producers use preemergence herbicides, such as prodiamine, pendimethalin, and dithiopyr,
to control these grassy weeds. However, many preemergence herbicides may hinder root
growth and establishment of hybrid bermudagrass (Bingham and Hall, 1985; Brosnan et
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al., 2014; Fagerness et al., 2002). Prodiamine and pendimethalin in particular have been
described in the literature as being mitotic inhibiting herbicides that commonly cause
malformed and stubby roots of hybrid bermudagrass (Vaughn and Vaughn, 1990; Weber,
1990). Fishel and Coats (1994) determined that prodiamine, pendimethalin, and dithiopyr
also increased the number of roots that were considered abnormal (less than 2.5 cm, lacked
secondary root formation, or swollen). In the same study, common rates of dithiopyr and
prodiamine significantly reduced root fresh weight of hybrid bermudagrass plugs when
compared to pendimethalin and oxadiazon. Furthermore, preemergence herbicides may
affect the amounts of nonstructural carbohydrates within the roots, which may have an
impact on plant function, transplantation, and spring green-up (Macolino et al., 2010;
Schiavon et al., 2016).
Producing new roots quickly is critical to establishing hybrid bermudagrass sod.
For example, Bingham and Hall (1985) determined that ‘Tifway’ hybrid bermudagrass was
tolerant to granular applications of oxadiazon, as the herbicide did not negatively affect
shoot or root growth of hybrid bermudagrass throughout establishment. However,
Bingham and Schmidt (1983) determined that a high rate of oxadiazon (6.7 kg ai ha-1) did
slightly reduce hybrid bermudagrass root growth, but adequate root growth for proper plant
function was still apparent. McCullough et al. (2012) determined that S-metolachlor (1.1
and 2.2 kg ai ha-1) and oxadiazon (1.1, 2.2, and 4.4 kg ai ha-1) did not reduce hybrid
bermudagrass cover relative to the nontreated when measured 8 weeks after treatment
(WAT). However, the higher rate of S-metolachlor did significantly reduce hybrid
bermudagrass cover measured at the same time interval. Brosnan et al. (2014) determined
that pendimethalin (3.36 kg ai ha-1), dithiopyr (0.56 kg ai ha-1), prodiamine (0.6 kg ai ha-
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1

), oxadiazon (3.36 kg ai ha-1), prodiamine + sulfentrazone (0.84 + 0.41 kg ai ha-1),

dimethenamid-P (1.68 kg ai ha-1), and indaziflam (0.03 and 0.05 kg ai ha-1) all increased
days to reach 50% hybrid bermudagrass cover when compared to the nontreated. However,
only the two rates of indaziflam (0.03 and 0.05 kg ai ha-1) reduced sod tensile strength
compared to the nontreated when harvested 377 days after sprigging.
Research to determine the amount of nonstructural carbohydrates within hybrid
bermudagrass roots in response to herbicide application is lacking. Nonstructural
carbohydrates within the roots may have an impact on spring green-up and spring transition
from dormancy (Macolino et al., 2010; Schiavon et al., 2016). Research was conducted to
determine the effects of preemergence herbicides commonly used on sod farms upon
hybrid bermudagrass root architecture, as well as to provide some insight into the effects
of these preemergence herbicides on the amounts of nonstructural carbohydrates within the
roots of hybrid bermudagrass.
Materials and Methods
Research was conducted in a climate controlled greenhouse maintained at 26° C
day/night temperature at Mississippi State University (Starkville, MS) from April 2016 to
June 2016 and was repeated from July 2016 to September 2016. Experimental design was
completely randomized with four replications. Herbicide treatments are listed in Table 3.1.
Each replication also included a nontreated control. ‘Latitude 36’ hybrid bermudagrass
(Cynodon dactylon (L.) Pers. × C. transvaalensis Burtt-Davy) plugs (31.6 cm2) were
planted in a native Marietta silt loam (fine-loamy, siliceous, active, Fluvaquentic
Eutrudepts) soil in 126 cm2 pots (1120 cm3). Plugs were cut from sod grown in a similar
native soil at the R. R. Foil Plant Science Research Center located in Starkville, MS. The
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sod from which the plugs were taken was cut using a walk-behind sod harvester (Ryan Jr.
Sod Cutter, CGC Inc., Johnson Creek, WI) to a depth of 2 cm before transplanting to pots.
Authors are aware that hybrid bermudagrass is generally planted as sprigs; however, plugs
cut from sod were used as opposed to sprigs to promote uniformity among experimental
units in terms of planting depth, node count, and size. It is likely that these plugs were
receiving significant carbohydrate contributions from the ongoing photosynthesis of the
full leaf canopy present on the plugs, which likely influenced root carbohydrate pools and
root development. Therefore, only the new root growth below the original plug was
harvested for root architecture and carbohydrate analysis.
Preemergence herbicide treatments were applied broadcast one day after planting
with a CO₂ powered backpack sprayer calibrated to 374 L ha-1 using 11004 flat-fan spray
nozzles (TeeJet, Spraying Systems Co., Roswell, GA). Pots remained outside the
greenhouse for 3 hours after herbicide application before being placed into the greenhouse
and irrigated with 5 mm water over the top using a hose and spray nozzle attachment. Plugs
were then irrigated with 3 mm water twice daily until completion of the study. All pots
were fertilized using Miracle-Gro® Water Soluble All Purpose Plant Food fertilizer (24-816, 49 kg nitrogen (N) ha-1; Scott’s Miracle-Gro Products Inc., Marysville, OH) 1 and 4
weeks after treatment (WAT) for both runs of the experiment. Turf was mown to a height
of 4 cm weekly throughout the experiment with a stationary mounted reel mower.
Percentage Hybrid Bermudagrass Cover
Hybrid bermudagrass cover was measured weekly throughout the course of the
experiment using digital image analysis similar to Karcher et al. (2003) and Richardson et
al. (2001). Digital images were taken using a 0.31 m2 light box containing four helical 10W
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soft white lamps (GE Lighting, Cleveland, OH). Images were captured with a digital
camera (Nikon D90 with AF-S DX NIKKOR 18-105mm attachable lens, Nikon Inc.
Melville, NY) capable of capturing 12.3 million pixels per image. The digital camera was
properly white-balanced, along with settings as follows: 1/60 aperture size, 5.6 f-stop, 5500
shutter speed, and 500 ISO. Photos were analyzed using the Edit Cover Analysis macro
within SigmaScan Pro (Systat Software, San Jose, CA) software to determine percent
hybrid bermudagrass cover. Percent cover was determined by the ratio of green pixels
within a hue range of 42 to 100° and saturation values between 3% and 100% versus the
total number of pixels of the image (424,800 pixels). To account for fitting a round pot
within a square image, a neon pink foam board background (Elmer’s Products, Inc.,
Westerville, OH) was cut to the size of the pot to provide consistency between images. A
calibration image of a 100% hybrid bermudagrass covered pot was used to artificially
construct the estimates of percent cover.
Root Architecture
Roots were harvested, washed free of soil, and weighed 4, 6, and 10 WAT and
analyzed using WinRHIZO Pro (Regent Instruments Inc., Sainte-Foy, Quebec City,
Canada) software to quantify total root length, root surface area, and average root diameter.
Plugs were washed free of soil and all new root growth below the original plug was
harvested. Roots were immediately placed in a standard freezer (-18° C) for approximately
24 hr. The root samples were then placed in 50 mL conical centrifuge tubes (Thermo Fisher
Scientific Inc., Waltham, MA) along with a 5% sodium hexametaphosphate (The
Chemistry Store.com, Cayce, SC) dispersing solution and lightly shaken overnight to
further clean the roots before being analyzed. Samples were spread throughout waterproof
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trays and scanned in black and white at 315 dots cm-1 (0.032 mm pixel size) using a
STD4800 scanner (Epson America, Inc., Long Beach, CA)for analysis within WinRHIZO
(Regent Instruments Inc., Sainte-Foy, Quebec City, Canada).
Carbohydrate Analysis
Roots were harvested 6 and 10 WAT to determine the dry root mass and amount of
non-starch nonstructural carbohydrates (TNSC) within the roots. Plugs were washed free
of soil and all new root growth below the original plug was harvested. The root samples
were immediately placed in a -80°C freezer after harvesting, and remained in the freezer
for at least 24 hr. Roots were then placed in a freeze-dryer for another 24 hr. After removal
from the freeze dryer, a single silica desiccant bag was placed inside each sample bag to
prevent rehydration. The root samples were then weighed to determine dry weight, and
ground using a common tobacco grinder.
The carbohydrate analysis procedure was similar to that of Barickman et al. (2017)
with a few minor adjustments to account for the size of the subsamples. A 0.05 g subsample
was extracted from each root sample in a 15 mL test tube by adding 3 mL double-distilled
water (ddH₂O) and vortexed for 15 min. Root samples were then centrifuged for 10 min at
3.0 relative centrifugal force (RCF), and 0.5 mL of the supernatant was extracted into
another 15 mL test tube. After transferring, 0.7 mL acetonitrile was added, mixed by
inversion, and stored at room temperature for at least 30 min. These samples were
centrifuged again at 3.0 relative centrifugal force (RCF) for 10 min, and another 0.5 mL of
supernatant was extracted into a 15 mL test tube. Samples were then placed in a dry-bath
until complete evaporation. Once the drying process was complete, samples were rehydrated with 0.5 mL of 75% acetonitrile to 25% ddH₂O (v/v) solution, and filtered using
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a 0.2 µm syringe filter. The samples were then placed in 2 mL high-performance liquid
chromatography (HPLC) vials for analysis. The analysis was performed using the same
Agilent Technologies 1260 Infinity series HPLC with an evaporative light scattering
detector (Agilent Technologies, Palo Alto, CA, USA) as described in Barickman et al.
(2017). All samples were analyzed for amounts of sucrose, fructose, and glucose. The sum
of these three sugars are also presented as the total non-starch nonstructural carbohydrates
(TNSC) within the roots.
Statistical Analysis
Hybrid bermudagrass cover data were log transformed and subject to a non-linear
sigmoidal variable slope regression model to determine time to 50% cover:
100

% 𝐶𝑜𝑣𝑒𝑟 = 1+10[(𝐷𝑎𝑦𝑠₅₀−𝐷𝐴𝑇)𝑠𝑙𝑜𝑝𝑒]

Eq. 3.1

where % Cover represents the percentage green cover determined by SigmaScan Pro, DAT
is days after treatment, and Days₅₀ represents the logarithmic equivalent for the regression
estimate of days to reach 50% hybrid bermudagrass cover, and slope estimates indicate
how quickly hybrid bermudagrass cover increased over time. All nonlinear regression
analyses were performed using GraphPad Prism 6 software (GraphPad Software, San
Diego, CA). Differences between regression estimates were based upon predicted 95%
confidence intervals. Dry root mass, carbohydrate analysis, root length, root surface area,
and average root diameter data were subject to analysis of variance (α = 0.05) in SAS Proc
GLM (Version 9.4; SAS Institute Inc., Cary, NC), and Fisher’s Protected LSD provided
the means separation between treatments.
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Results and Discussion
Hybrid bermudagrass cover, root architecture, and amount of nonstructural
carbohydrates within the roots differed due to herbicide treatment. Only dry root mass
measured 10 WAT differed due to run of the experiment. All other data were able to be
pooled across both runs for purposes of statistical analysis. Pooled results are presented
separately by response variable for root architecture, and carbohydrate data are presented
separately by harvest timing.
Percentage Hybrid Bermudagrass Cover
Among herbicide treatments, all but atrazine and granular applied oxadiazon
increased Days₅₀ when compared to the nontreated (Fig. 3.1; Table 3.2). Of the herbicide
treatments that increased Days₅₀ compared to the nontreated, Days₅₀ were lowest for
pendimethalin, dithiopyr, simazine, and flumioxazin, greatest with liquid applied
oxadiazon and indaziflam, while prodiamine, atrazine + S-metolachlor, and S-metolachlor
alone ranked intermediate.
Root Architecture
Dry Root Mass
Dry root mass was recorded 6 and 10 WAT. Root growth was insufficient for proper
freeze drying at the earliest 4 WAT timing. Dry root mass was pooled across runs of the
experiment for the 6 WAT timing; however, a significant difference between runs was
detected in the dry root mass harvested 10 WAT. Therefore, the 10 WAT data for each run
of the experiment are presented separately.
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All herbicide treatments reduced dry root mass when harvested 6 WAT relative to
the nontreated (Table 3.3). Similarly, treatments reduced dry root mass in run 1 when roots
were harvested 10 WAT. During run 2, only prodiamine, pendimethalin, simazine, atrazine
+ S-metolachlor, liquid applied oxadiazon, and indaziflam reduced dry root mass compared
to the nontreated when harvested 10 WAT. Interestingly, flumioxazin increased dry root
mass when harvested 10 WAT in run 2 when compared to every treatment other than
atrazine, including the nontreated.
Root Length
When harvested 4 WAT, every herbicide treatment other than simazine and
granular applied oxadiazon reduced root length when compared to the nontreated (Table
3.4). By 6 WAT, only S-metolachlor alone, liquid applied oxadiazon, flumioxazin, and
indaziflam reduced root length when compared to the nontreated. When harvested 10
WAT, dithiopyr, S-metolachlor alone, and indaziflam were the only herbicide treatments
that reduced root length when compared to the nontreated.
Root Surface Area
Root surface area reductions were comparable to the previously discussed root
lengths (Table 3.5). At 4 WAT, only simazine and granular applied oxadiazon did not
reduce root surface area when compared to the nontreated. Dithiopyr, S-metolachlor alone,
liquid applied oxadiazon, flumioxazin, and indaziflam reduced root surface area compared
to the nontreated when harvested 6 WAT; however, dithiopyr, S-metolachlor alone, and
indaziflam were the only herbicide treatments that reduced root surface area compared to
the nontreated when harvested 10 WAT.
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Root Average Diameter
The only harvest date with differences in average root diameter was 6 WAT (Table
3.6). When harvested 6 WAT, dithiopyr, atrazine, atrazine + S-metolachlor, S-metolachlor
alone, and flumioxazin reduced the average root diameter when compared to the
nontreated. However, by 10 WAT, there were no differences amongst treatments in average
root diameter.
Carbohydrate Analysis
Pooled results of the carbohydrate analysis across runs are presented separately by
harvest date. Further breakdown of amounts of sucrose, glucose, and fructose within the
0.05 g of dry root matter are presented in Tables 3.7 and 3.8 along with means separations
for each carbohydrate.
Pendimethalin increased sucrose levels within the roots compared to the nontreated
when harvested 6 WAT. However, by 10 WAT, no differences in amounts of sucrose
within the roots were detected. Pendimethalin also reduced the level of glucose compared
to the nontreated when harvested 6 WAT, which suggests a possible transformation of
glucose to sucrose within the roots in response to the pendimethalin application. However,
by 10 WAT, no differences in amounts of glucose were detected amongst herbicide
treatments compared to the nontreated. No differences were detected in the amount of
fructose within the roots when harvested 6 WAT. However, prodiamine reduced the
amount of fructose when compared to the nontreated when harvested 10 WAT. No
differences were detected in TNSC in either run of the experiment.
Previous research is lacking on herbicide applications to turfgrass and their effects
on nonstructural carbohydrates in shoot and root tissues. In the current study, applications
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of pendimethalin increased sucrose concentrations within the root tissue 6 WAT, but
sucrose declined 10 WAT. Previous research has demonstrated that soluble sugar
concentrations are affected by environmental stress factors such as air and soil
temperatures (Xu and Huang, 2000). Huang and Gao (2000) indicated that increasing
temperatures from 20 to 38 °C decreased total nonstructural carbohydrates. Additionally,
research has indicated that seasonal changes, from cool spring to hot summer, decreased
nonstructural carbohydrates in creeping bentgrass shoot and root tissue (Xu and Huang,
2003). These studies demonstrate environmental stress caused by high temperature, which
may be a source of imbalance between photosynthesis and respiration, decreases
nonstructural carbohydrates contents in the root tissue. Similarly, environmental stress
caused by pendimethalin and prodiamine applications to bermudagrass may have caused a
stress response leading to the direct decrease in glucose and fructose and subsequent
increase in sucrose concentrations in the root tissue when compared to the nontreated.
Conclusion
Overall, dithiopyr, prodiamine, pendimethalin, atrazine + S-metolachlor, Smetolachlor alone, liquid applied oxadiazon, and flumioxazin most severely affected
hybrid bermudagrass roots and increased time to reach 50% cover. Results due to the
granular application of oxadiazon are in agreement with previous research suggesting that
oxadiazon is relatively safe on hybrid bermudagrass rooting (Bingham and Schmidt, 1983;
Bingham and Hall, 1985; Fishel and Coats, 1994). However, there were significant
differences in days to reach 50% hybrid bermudagrass cover between the granular and
liquid applied formulations of oxadiazon measuring 26 and 101 days, respectively.
Oxadiazon applied as a liquid broadcast is not recommended on non-dormant
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bermudagrass without immediate irrigation following the application of the herbicide.
Therefore, the negative effects on grow-in and root architecture observed from liquid
applied oxadiazon is likely due to foliar injury rather than soil activity.
Effects of prodiamine on hybrid bermudagrass cover were similar to those of
Brosnan et al. (2014), who also reported reductions in hybrid bermudagrass establishment
after applications of prodiamine. Fagerness et al. (2002) also reported reduced hybrid
bermudagrass establishment by as much as 25% after fall applications of prodiamine at 1.1
kg ai ha-1. The observed effects of pendimethalin and dithiopyr in this study also support
similar studies demonstrating reduced establishment after applications of these herbicides
(Boyd and Baird, 1997; Fagerness et al., 2002). However, reduced rates of these herbicides
may be comparably safe to other herbicides, thus future research should take into account
weed emergence, competition with sod establishment, and required postemergence
applications to control escaped weeds.
Delayed establishment caused by indaziflam, and S-metolachlor alone support
current labeling which limits use of these herbicides until hybrid bermudagrass is fully
established (Anonymous, 2003; Anonymous, 2012). The authors are aware of instances
where flumioxazin has been used in sod production, though not during sprigged
establishment. Flumioxazin was included due to its shared mode of action with oxadiazon
[both protoporphyrinogen oxidase (PROTOX) inhibitors]. PROTOX inhibitors are novel
in that they control certain broadleaf and grassy weeds resistant to mitotic inhibiting
herbicides (Anonymous, 2015).
These results should assist sod farmers and other turf managers with developing
preemergence herbicide weed control programs that limit the injury to newly established
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hybrid bermudagrass. Future research should evaluate the effects of various rates of these
same preemergence herbicides in hybrid bermudagrass, as well as the effects of these
preemergence herbicides on sod tensile strength at harvest. The effects of preemergence
herbicides on other warm-season turfgrass species, such as St. Augustinegrass and
centipedegrass, should also be evaluated.
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Table 3.1

Preemergence herbicide treatments used to determine the effects of
preemergence herbicides on ‘Latitude 36’ hybrid bermudagrass root growth
and grow-in.
Herbicide

Active ingredient

Rate
kg ai ha-1

Nontreated

--

--

prodiamine

0.59

pendimethalin

1.66

Dimension 2EW

dithiopyr

0.56

AAtrex

atrazine

1.12

Princep 4L

simazine

2.24

atrazine + S-metolachlor

1.12 + 0.86

Ronstar 50 WSP

oxadiazon

2.24

Ronstar G

oxadiazon

2.24

SureGuard

flumioxazin

0.29

S-metolachlor

2.78

indaziflam

0.03

Barricade 4L
Pendulum AquaCap 3.8L

AAtrex + Pennant Magnum

Pennant Magnum
Specticle FLO
a

Liquid formulations of preemergence herbicide treatments were applied using a CO₂pressurized backpack sprayer calibrated to 374 L ha-1 using 11004 flat fan spray nozzles.
b
Granular formulation of oxadiazon was applied broadcast by hand.
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Table 3.2

Regression estimates of 95% confidence intervals for the number of days to
reach 50% hybrid bermudagrass cover (Days₅₀) following preemergence
herbicide applications. Run-by-treatment interaction was not significant;
therefore, data were pooled across runs.

Herbicide

Days₅₀

Rate
kg ai ha-1

nontreated

Days₅₀ 95% CI
Lower

Higher

r2

------------d------------

--

29

24

33

0.54

prodiamine*

0.59

45

39

52

0.54

pendimethalin*

1.66

39

34

44

0.61

dithiopyr*

0.56

39

34

43

0.64

atrazine

1.12

35

31

40

0.61

simazine*

2.24

42

37

48

0.63

1.12 + 0.86

51

44

60

0.58

S-metolachlor*

2.78

48

42

55

0.60

oxadiazon G

2.24

26

23

29

0.72

oxadiazon WSP*

2.24

101

67

152

0.38

flumioxazin*

0.29

40

35

46

0.58

indaziflam*

0.03

153

62

375

0.16

atrazine + S-metolachlor

*Herbicide treatments that increased Days₅₀ compared to the nontreated based on 95%
confidence intervals (CI).
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Figure 3.1

Regression estimates of 95% confidence intervals for the number of days to
reach 50% hybrid bermudagrass cover (Days₅₀) following preemergence
herbicide applications. Overlapping bars are not significantly different from
one another.
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Table 3.3

Effects of preemergence herbicide applications on hybrid bermudagrass dry
root mass. Treatment effects on root mass were compared within each
harvest date. Run-by-treatment interaction was significant for the dry root
mass data of roots harvested 10 WAT. Therefore, runs are presented
separately for the 10 WAT dry root mass data.

Herbicide

Dry mass

Rate

6 WAT

kg ai ha-1

10 WATa

10 WATb

---------------kg m-3--------------0.304 ac

0.704 a

0.861 bc

0.59

0.115 bcd

0.268 b

0.293 ef

pendimethalin

1.66

0.182 b

0.404 b

0.334 ef

dithiopyr

0.56

0.160 bc

0.316 b

0.480 cdef

atrazine

1.12

0.169 bc

0.225 b

1.091 ab

simazine

2.24

0.146 bcd

0.258 b

0.405 def

1.12 + 0.86

0.071 cd

0.259 b

0.394 def

S-metolachlor

2.78

0.141 bcd

0.219 b

0.667 cde

oxadiazon G

2.24

0.178 b

0.190 b

0.736 bcd

oxadiazon WSP

2.24

0.150 bcd

0.265 b

0.379 def

flumioxazin

0.29

0.134 bcd

0.244 b

1.437 a

indaziflam

0.03

0.044 d

0.235 b

0.154 f

0.106

0.246

0.388

nontreated

--

prodiamine

atrazine + S-metolachlor

LSD0.05

--

a

Run 1 dry root mass data.
Run 2 dry root mass data.
c
Means followed by the same letter and not significantly different.
b
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Table 3.4

Effects of preemergence herbicide applications on hybrid bermudagrass
root length. Treatment effects for root length were compared within each
harvest date.

Herbicide

Length

Rate
4 WAT
kg ai ha-1

6 WAT

10 WAT

------------mm cm-3-----------10.4 a*

16.0 a

22.1 ab

0.59

2.8 c

11.5 abc

17.1 bc

pendimethalin

1.66

4.5 bc

10.7 abc

25.3 a

dithiopyr

0.56

2.6 c

14.1 ab

14.7 cd

atrazine

1.12

5.1 bc

14.1 ab

22.7 ab

simazine

2.24

7.0 ab

13.3 abc

22.3 ab

1.12 + 0.86 4.2 bc

11.3 abc

20.5 abc

nontreated

--

prodiamine

atrazine + S-metolachlor
S-metolachlor

2.78

1.4 c

4.0 de

14.9 cd

oxadiazon G

2.24

11.1 a

15.5 a

21.4 abc

oxadiazon WSP

2.24

4.0 bc

7.7 cde

21.4 abc

flumioxazin

0.29

4.1 bc

8.6 bcd

18.9 abc

indaziflam

0.03

3.8 bc

2.1 e

9.9 d

4.1

6.38

7.0

LSD0.05

--

*Means followed by the same letter in a column are not significantly different.
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Table 3.5

Effects of preemergence herbicide applications on hybrid bermudagrass
root surface area. Treatment effects for root surface area were compared
within each harvest date.

Herbicide

Surface area

Rate
4 WAT
kg ai ha-1

6 WAT

10 WAT

------------mm2 cm-3------------

nontreated

--

8.3 a*

16.9 a

25.6 ab

prodiamine

0.59

2.6 bc

11.3 ab

17.2 bcd

pendimethalin

1.66

3.3 bc

11.1 ab

27.0 a

dithiopyr

0.56

2.1 bc

7.6 bc

15.7 cd

atrazine

1.12

4.1 bc

11.7 ab

22.2 abc

simazine

2.24

5.4 ab

12.0 ab

22.4 abc

1.12 + 0.86 3.2 bc

10.6 ab

20.8 abc

atrazine + S-metolachlor
S-metolachlor

2.78

0.9 c

3.2 c

14.7 cd

oxadiazon G

2.24

8.9 a

16.5 a

23.7 abc

oxadiazon WSP

2.24

3.3 bc

7.8 bc

22.6 abc

flumioxazin

0.29

2.9 bc

7.4 bc

19.4 abc

indaziflam

0.03

3.4 bc

1.7 c

9.5 d

3.6

6.7

9.3

LSD0.05

--

*Means followed by the same letter in a column are not significantly different.

56

Table 3.6

Effects of preemergence herbicide applications on hybrid bermudagrass
average root diameter. Treatment effects for average root diameter were
compared within each harvest date.

Herbicide

Average diameter

Rate

4 WAT
kg ai ha-1

6 WAT

10 WAT

------------mm------------

nontreated

--

0.25

0.34 a*

0.36

prodiamine

0.59

0.25

0.30 abc

0.32

pendimethalin

1.66

0.22

0.30 abc

0.34

dithiopyr

0.56

0.25

0.27 bc

0.32

atrazine

1.12

0.24

0.26 c

0.30

simazine

2.24

0.24

0.29 abc

0.32

1.12 + 0.86

0.23

0.28 bc

0.30

S-metolachlor

2.78

0.22

0.26 c

0.34

oxadiazon G

2.24

0.26

0.32 ab

0.34

oxadiazon WSP

2.24

0.25

0.28 abc

0.33

flumioxazin

0.29

0.29

0.27 bc

0.33

indaziflam

0.03

0.28

0.29 abc

0.32

--

ns

0.06

ns

atrazine + S-metolachlor

LSD0.05

*Means followed by the same letter in a column are not significantly different.
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Table 3.7

Effects of preemergence herbicide applications on the amounts of
nonstructural carbohydrates within hybrid bermudagrass roots measured 6
WAT. Treatment effects on the amounts of each carbohydrate were
compared within each harvest date.

Herbicide

Rate
kg ai ha-1

6 WAT
Sucrose

Glucose

Fructose

TNSCa

----------------------mg g-1----------------------

nontreated

--

4.94 bb

3.12 a

3.10 abc

11.16

prodiamine

0.59

7.37 ab

2.39 ab

2.85 abc

12.61

pendimethalin

1.66

8.90 a

1.16 b

2.89 abc

12.95

dithiopyr

0.56

6.75 ab

2.90 a

3.66 ab

13.31

atrazine

1.12

6.44 ab

2.08 ab

2.81 abc

11.33

simazine

2.24

6.64 ab

2.72 ab

3.17 abc

12.54

1.12 + 0.86

6.61 ab

3.57 a

4.00 a

14.18

S-metolachlor

2.78

5.72 b

2.37 ab

4.24 a

12.33

oxadiazon G

2.24

5.96 b

2.36 ab

2.24 bc

10.56

oxadiazon WSP

2.24

5.71 b

2.33 ab

1.56 c

9.59

flumioxazin

0.29

6.07 b

2.74 ab

3.16 abc

9.98

indaziflam

0.03

5.20 b

3.24 a

2.90 abc

11.34

2.82

1.59

1.71

ns

atrazine + S-metolachlor

LSD0.05

--

a

Total non-starch carbohydrates (TNSC) represents the sum amount of sucrose, glucose,
and fructose within hybrid bermudagrass roots.
b Means followed by the same letter in a column are not significantly different.
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Table 3.8

Effects of preemergence herbicide applications on the amounts of
nonstructural carbohydrates within hybrid bermudagrass roots measured 10
WAT. Treatment effects on the amounts of each carbohydrate were
compared within each harvest date.

Herbicide

Rate
kg ai ha-1

10 WAT
Sucrose

Glucose

Fructose

TNSCa

----------------------mg g-1---------------------5.31 abb

2.41 ab

2.51 ab

10.23 ab

0.59

4.84 b

2.25 ab

1.34 c

8.43 b

pendimethalin

1.66

5.26 ab

2.09 ab

2.23 abc

9.57 ab

dithiopyr

0.56

5.39 ab

1.73 ab

1.95 abc

9.07 ab

atrazine

1.12

5.47 ab

1.71 ab

2.57 ab

9.75 ab

simazine

2.24

5.28 ab

2.37 ab

2.09 abc

9.75 ab

1.12 + 0.86

5.13 ab

2.09 ab

1.74 abc

8.96 ab

S-metolachlor

2.78

5.35 ab

1.60 ab

2.72 ab

9.67 ab

oxadiazon G

2.24

5.46 ab

2.07 ab

2.34 abc

9.88 ab

oxadiazon WSP

2.24

5.39 ab

2.61 a

2.84 a

10.83 a

flumioxazin

0.29

4.71 b

1.58 b

1.91 abc

8.21 b

indaziflam

0.03

6.09 a

1.51 b

1.64 bc

8.53 b

0.98

1.02

1.13

2.28

nontreated

--

prodiamine

atrazine + S-metolachlor

LSD0.05

--

a

Total non-starch carbohydrates (TNSC) represents the sum amount of sucrose, glucose,
and fructose within hybrid bermudagrass roots.
b Means followed by the same letter in a column are not significantly different.
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CHAPTER IV
EFFECTS OF RESIDUAL TOPRAMEZONE ON SPRIGGED HYBRID
BERMUDAGRASS ESTABLISHMENT
As submitted and accepted for publication by the International Turfgrass Society
Research Journal: Begitschke, E., J. McCurdy, W. Philley, C. Baldwin, B. Stewart, M.
Richard, and K. Kalmowitz. 2017. Effects of Residual Topramezone on Sprigged
Bermudagrass Establishment. Int. Turfgrass Soc. Res. J. 13:1-5.
Introduction
Topramezone (Pylex®, BASF Corporation, Research Triangle Park, NC), an
inhibitor of 4-hydroxyphenylpyruvate dioxygenase (HPPD), is a broad-spectrum selective
herbicide currently labeled for postemergence weed control in corn (Zea mays L.) and coolseason turfgrass (Anonymous, 2014; Anonymous, 2015; Brosnan et al., 2013; Gitsopoulos
et al., 2010; Johnston et al., 2016). Because of the limited residual activity of topramezone,
it is generally used for postemergence control of annual grassy weeds, such as crabgrass
(Digitaria spp.), barnyardgrass (Echinochloa crus-galli var. crus-galli L.), and goosegrass
(Eleusine indica (L.) Gaertn.), as well as a variety of broadleaf weeds (Anonymous, 2015).
Topramezone also suppresses common bermudagrass (Cynodon dactylon (L.) Pers.) in
cool-season turfgrass when tank-mixed with triclopyr (Brosnan et al., 2013).
Topramezone is currently registered for postemergence weed control in nonresidential turf (golf courses, sod farms, etc.) and for spot treatment in residential turf areas
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(Anonymous, 2015). Brosnan et al., (2011) demonstrated that topramezone reduced total
chlorophyll concentrations and suppressed common bermudagrass growth, but turf was
able to recover by 35 days after application. Topramezone significantly reduced total
xanthophyll, lutein, and chlorophyll concentrations when compared with two other HPPD
inhibiting herbicides, mesotrione and tembotrione. However, none of the three herbicides
were able to control common bermudagrass with only a single application (Elmore et al.,
2011).
Herbicides are often applied during sprigged establishment of hybrid bermudagrass
(Cynodon dactylon L. Pers. × C. transvaalensis Burtt-Davy) in order to control weeds
present and prevent weed emergence; however, these treatments may delay turfgrass
establishment (Johnson, 1973; Johnson, 1980; Fagerness et al., 2002). Proper herbicide
selection and delayed sprigging after herbicide application can potentially provide
adequate weed control without turfgrass injury (Johnson et al., 1985; McCarty et al., 1997).
Despite research demonstrating the postemergence effect of topramezone on hybrid
and common bermudagrass, the residual effects of topramezone on hybrid bermudagrass
establishment has received limited investigation. It was hypothesized that topramezone
application immediately prior to sprigging would reduce hybrid bermudagrass cover, but
herbicidal injury would be limited if sprigging date was delayed. Research was conducted
to evaluate the residual activity of topramezone upon hybrid bermudagrass establishment
when applied directly prior to sprigging, as well as when sprigging was delayed 1, 2, and
4 weeks after topramezone application.
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Materials and Methods
Research was conducted at the Mississippi State University Turfgrass Research
Center at the R.R. Foil Plant Science Research Farm near Starkville, MS on a fine sandy
loam soil with pH 6.2 (1:1 soil/H2O). The experiment was conducted as a randomized
complete block design in a split-plot arrangement with four replications. Main-plot
treatment was sprigging interval [0, 1, 2 or 4 weeks after application (WAA)], and sub-plot
treatment was herbicide applied prior to sprigging. Treatments compared were
topramezone (0.049 kg ai ha-1; Pylex® 2.8 SC; BASF Corporation, Research Triangle Park,
NC, USA), prodiamine (0.84 kg ai ha-1; Barricade® 4 L; Syngenta Professional Products,
Greensboro, NC, USA), or a nontreated check. The topramezone rate used was higher than
the current labeled rate for a single application to control common bermudagrass. For
common bermudagrass control, the current labelled rate allows for three applications at
0.033 kg ai ha-1 or two applications at 0.037 kg ai ha-1. This rate was chosen in order to
maximize ability to detect residual activity and in order to mimic possible effects that may
occur with overlap and application error. The current labeled rate for prodiamine in
established hybrid bermudagrass was used as a treated check in order to compare with
topramezone. Soil was tilled and residual plant material was removed one week prior to
herbicide application. Herbicides were applied on 17 July 2014 and 22 June 2015 with a
CO2 pressurized backpack sprayer in a water carrier volume of 280 L ha-1.
Plots (1 m × 2 m) were sprigged with ‘Tifway’ hybrid bermudagrass at a rate of 52
m3 ha-1 at all sprigging intervals. All plots received supplemental irrigation daily or as
needed until 15 September, 2014 and 2015, withstanding days when rainfall occurred. The
research area was fertilized with 40 kg N ha-1 (Harrell’s Polyon® ST, 24-1.8-0, 3% S, 0.6%
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Fe; Lakeland, FL, USA) on the final sprigging date (4 WAA). Beginning 15 August, plots
were reel-mown weekly at 3.8 cm with clippings returned (Tri-King Reel Mower,
Jacobsen, Charlotte, NC). During both years, labelled rates of bentazon (1.12 kg ai ha-1),
2,4-D (1.68 kg ae ha-1), and dicamba (0.28 kg ai ha-1) were applied as a tank-mixture 8
WAA to control broadleaf and sedge weeds. During 2015, quinclorac (0.84 kg ai ha-1) was
applied 6 WAA in combination with a methylated seed oil (1% v v -1) to control crabgrass
(Digitaria spp.).
Hybrid bermudagrass cover and spectral reflectance were assessed 12 WAA.
Percent cover was assessed across all plots (where 0=bare soil and 100=complete turf
canopy with no visible soil). Percent relative cover was calculated in relation to the
nontreated control within each main plot; thus, enabling the comparison of herbicide effects
within each sprigging date. Normalized Difference Vegetative Index (NDVI) was
calculated as a measure of overall canopy cover using spectral reflectance values at 670
nm (red) and 780 nm (near infrared). NDVI data were recorded by a Holland Scientific
Crop Circle ACS430 from a height 60 cm above canopy level. Data were subjected to
analysis of variance, and means were separated within SAS PROC GLM (SAS Institute,
2013) by Fisher’s protected LSD (α=0.05). Regression was performed using least squares
analysis to determine linear predictors of slope and intercept for each herbicide (GraphPad
Prism, version 6.07; GraphPad Software Inc., 2015). Goodness of fit was determined based
upon adjusted R2 values. Differences in predictors of slope and intercept for each treatment
were determined based upon 95% confidence intervals. Differences in slope were given
priority over those of intercepts. If slopes were similar between herbicides, intercepts are
discussed.
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Results and Discussion
Year-by-treatment interactions were observed for all response variables.
Significant differences in cover were observed as a result of herbicide application,
sprigging timing after herbicide application (either 0, 1, 2 or 4 WAA), and interactions
thereof. Results are presented separately by year for each response variable. Weed pressure
(not reported) was negligible at the 12 WAA evaluation date.
Percentage Cover within Sprigging Date
During 2014, neither prodiamine nor topramezone reduced hybrid bermudagrass
cover relative to the nontreated when sprigged at any time interval. (Table 4.1). Although
minimal, prodiamine increased hybrid bermudagrass cover relative to that of topramezone
when sprigged 4 WAA (74 vs. 61%), which may be a result of preemergence control of
weeds. During both 2014 and 2015, it was necessary to control weeds within the
topramezone and nontreated plots in order to produce consistent cover and NDVI
estimates. Postemergence applications of herbicides 6 and 8 WAA should have had
minimal effect on evaluations made 12 WAA; however, it is possible that weed pressure
prior to postemergence control could have affected response as a result of competition.
During 2015, topramezone did not affect hybrid bermudagrass cover relative to
nontreated plots sprigged at any time after application; however, with exception of 1 WAA,
prodiamine reduced hybrid bermudagrass cover at all other sprigging dates.
Regression across Sprigging Date
Linear regression was performed to demonstrate effects of herbicide application
upon hybrid bermudagrass establishment (Table 4.2, Fig. 4.1). Where differences in slope
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and intercept are predicted relative to that of the nontreated, it is presumed to indicate that
certain applications may delay hybrid bermudagrass establishment, even when sprigging
is delayed by 1, 2, or 4 WAA. Linear equations for herbicide effects are presented in Table
4.2, and 95% confidence intervals of predicted slope and intercept are presented in Table
4.3. Despite the relatively low adjusted R2 values in this study, predictions can still be made
based upon 95% confidence intervals of slope and intercept for each herbicide, and whether
those values suggest differences.
The authors acknowledge that instances of poor model fit diminish our ability to
make meaningful predictions based upon linear models. With only one exception, linear
models gave equal or better R2 values relative to quadratic models. Therefore, it may be
reasonable to assume that poor model fit is reason enough to reject our hypothesis that
hybrid bermudagrass cover would be hindered by herbicide application prior to sprigging.
The presented research was limited to the influence of herbicides on sprigging grow-in;
however, treatments evaluated explain relatively low amounts of observed variation,
suggesting that a greater amount of variation is the result of other effects outside the scope
of this study.
Visually Estimated Hybrid Bermudagrass Cover
During 2014, neither topramezone nor prodiamine affected the predicted slope of
hybrid bermudagrass sprigged 0, 1, 2, and 4 WAA relative to the nontreated (Tables 4.2
and 4.3). The pooled slope across all herbicide treatments was a 2% increase in cover per
WAA. Furthermore, no differences in herbicide effects upon intercept were detected.
Hybrid bermudagrass sprigged later in the experiment would have had less time to cover
than prior established plots. Despite using the same source for sprigs, differences may be
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due to sprig health at time of harvest. That is, sprigs dug later in the summer may have had
time to mature and store more carbohydrates or produce more lateral root growth.
During 2015, neither topramezone nor prodiamine affected the predicted slope of
hybrid bermudagrass sprigged 0, 1, 2, and 4 WAA relative to that of the nontreated (Tables
4.2 and 4.3). The pooled slope across all herbicide treatments was a 4.2% decrease in cover
per WAA. Effects of topramezone and prodiamine upon slope were similar to those of the
nontreated. The predicted intercept of prodiamine was different than that of the nontreated,
which suggests that prodiamine initially reduced hybrid bermudagrass cover but that
effects of the herbicide waned as sprigging was delayed.
Normalized Difference Vegetative Index
During 2014, topramezone did not affect the slope of predicted NDVI relative to
that of the nontreated (Tables 4.2 and 4.3); therefore, treatment lines were pooled. Pooled
slope of NDVI for the nontreated and topramezone treatments predicted a decrease in
NDVI by 0.077 per WAA. The predicted NDVI intercept of topramezone was also similar
to that of the nontreated. Although minimal, the predicted slope of prodiamine was less
severe relative to that of the nontreated and topramezone, indicating suppression of early
established sprigs at the 0 WAA timing and waning effects of the herbicide as sprigging
was delayed.
During 2015, for prodiamine treatment only, the goodness of fit (adjusted R2) was
decreased by using a linear model instead of a quadratic model; however, trends were
similar, with similarly low R2 values. A linear model was chosen in order to allow slope
and intercept comparisons with other herbicide treatments. Neither topramezone nor
prodiamine affected the slope of NDVI relative to that of the nontreated (Tables 4.2 and
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4.3). Pooled slope of NDVI for all treatments predicted a decrease in NDVI by 0.004 per
WAA.
Summary and Conclusions
Topramezone did not significantly reduce visual estimates of cover or NDVI values
when hybrid bermudagrass was sprigged 0 WAA, which supports previous reports of
limited soil residual activity (Rahman et al., 2014). Results suggest that topramezone is
relatively safe to use for site preparation before sprigging hybrid bermudagrass at any time
interval. No topramezone injury was observed in year 2 of the study, regardless of
sprigging date after application.
The rate of prodiamine used in this study (0.84 kg ai ha-1) was higher than the
current labeled rate for newly sprigged hybrid bermudagrass (0.60 kg ai ha-1) but similar
to those used by Fagerness et al. (2002) evaluating effects on sprigging grow in (0.80 and
1.1 kg ai ha-1). Using a higher rate of prodiamine likely increased herbicidal injury and
slowed hybrid bermudagrass establishment. Despite applying higher than the labeled rate
for newly sprigged hybrid bermudagrass, prodiamine did not significantly reduce hybrid
bermudagrass cover compared with the nontreated during Year 1 of the study. However,
prodiamine did reduce cover during Year 2. Fagerness et al. (2002) previously
demonstrated that prodiamine (1.1 kg ai ha-1) delayed common bermudagrass
establishment by 20 days to achieve 90% cover when compared with the nontreated, while
Brosnan et al. (2014) found prodiamine (0.60 kg ai ha-1) delayed hybrid bermudagrass
establishment by 4 days to achieve 50% cover compared to the nontreated.
Although topramezone has little use as a preemergence herbicide within managed
turfgrass scenarios, it has been reported to have limited persistence in soil, with an average
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half-life of 14 days (Anonymous, 2007). However, at rates more than 2 and 4 times larger
than those applied in the present study (0.10 and 0.20 kg ai ha-1), Rahman et al. (2014)
reported limited residual activity on peas (Pisum sativum L.), white clover (Trifolium
repens L.), and radish (Raphanus sativus L.), with the highest injury observed in white
clover, 2 WAT. Topramezone may be a viable tank mixing option in combination with
other herbicides for postemergence goosegrass and crabgrass control prior to sprigging into
fallow or freshly prepared soil. Likewise, its use may help control glyphosate resistant
grassy weeds, such as goosegrass and crabgrass (Heap, 2016). Future research should
evaluate topramezone for suppression of common bermudagrass and other weeds in
sprigged scenarios, as well as other tank-mixing options with topramezone for site
preparation.
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Table 4.1

Effects of topramezone and prodiamine upon hybrid bermudagrass cover
relative to nontreated plots sprigged on the same date after application.
Herbicide effects were compared within each sprigging date.
Percentage Cover 12 WAA
Sprigging datea

Year

Herbicide

Rate

0 WAA

1 WAA

2 WAA

4 WAA

kg ai ha-1
2014

2015

nontreated

--

54 a bc

73 a

58 a

66 ab

topramezone

0.049

58 a

81 a

43 a

61 b

prodiamine

0.84

45 a

69 a

55 a

74 a

LSD0.05

--

20

12

15

12

nontreated

--

97 a

92 a

92 a

82 a

topramezone

0.049

94 a

90 a

98 a

73 ab

prodiamine

0.84

61 b

82 a

82 b

52 b

LSD0.05

--

15

10

9

26

a

Plots were sprigged directly after herbicide application or 1, 2, and 4 weeks after
application (WAA).
b
Cover was assessed on a scale of 0 to 100% where 0 = bare soil and 100 =
complete turfgrass canopy.
c
Means followed by the same letter in a column are not statistically different.

71

72

b

a

0.049
0.84
0
0.049
0.84

prodiamine

nontreated

topramezone

prodiamine

0

kg ai ha-1

Rate

topramezone

nontreated

Herbicide

y = -3.7x + 75

y = -5.1x + 97

y = -3.7x + 97

y = 5.7x + 51

y = -1.4x + 63

y = 1.7x + 60

y = mx + b

0.10

0.32

0.53

0.01

0.01

0.01

R2

17.20

11.91

5.55

28.82

31.35

30.47

Sy.xb

Percentage Visual Covera

y = -0.003x + 0.68

y = 0.001x + 0.73

y = -0.010x + 0.74

y = -0.047x + 0.63

y = -0.077x + 0.75

y = -0.073x + 0.77

y = mx + b

<0.01

<0.01

0.06

0.27

0.57

0.58

R2

NDVI

0.09

0.06

0.06

0.11

0.10

0.09

Sy.x

Percentage visual cover and normalized difference vegetative index (NDVI) observed 12 weeks after application.
Data were regressed across sprigging date after herbicide application. First order linear equations for regression were
used to analyze % visual cover and NDVI.

Cover was assessed on a scale of 0 to 100% where 0 = bare soil and 100 = complete turfgrass canopy.
Sy.x is the standard deviation of the residuals, expressed in the same units as y.

2015

2014

Year

Table 4.2

73

b

a

0.84

prodiamine

--

nontreated
0.049

0.84

prodiamine

topramezone

0.049

--

kg ai ha-1

Rate

topramezone

nontreated

Herbicide

-1.422 to 0.360

-1.350 to -0.117

-0.820 to -0.245

-0.687 to 2.299

-1.823 to 1.425

-1.333 to 1.823

Slope

60.96 to 89.54

87.41 to 107.2

92.04 to 101.3

26.81 to 74.69

36.71 to 88.79

34.19 to 84.81

Intercept

Percentage Visual Coverab

-0.001 to 0.001

-0.001 to 0.001

-0.002 to -0.001

-0.008 to -0.005

-0.012 to -0.010

-0.012 to -0.009

Slope

Intercept

0.663 to 0.694

0.719 to 0.739

0.727 to 0.748

0.609 to 0.650

0.732 to 0.768

0.749 to 0.782

NDVIb

95% Confidence Intervals for Slope and Intercept of Treatment
Linear Predictors

Confidence intervals (α = 0.05) for slope and intercept of treatment linear predictors based upon regression.
Intercepts were used for comparative analysis only if slopes were not significantly different.

Cover was assessed on a scale of 0 to 100% where 0 = bare soil and 100 = complete turfgrass canopy.
Percentage visual cover and NDVI were assessed 12 WAA.

2015

2014

Year

Table 4.3

Figure 4.1

Visually assessed cover and normalized difference vegetative index
(NDVI) regressed across sprigging date after herbicide treatment.

Assessments were made 12 weeks after initial treatment. Cover was assessed on a 0-to100% scale, where 0% indicates bare soil and 100% indicates complete turfgrass canopy.
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APPENDIX A
CHAPTER II ADDITIONAL FIGURES
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Figure A.1

Regression estimates of 95% confidence intervals for days to reach 50%
hybrid bermudagrass cover (Days₅₀) following preemergence herbicide
applications in 2016. Overlapping bars are not significantly different from
one another.

*Increased Days₅₀ when compared to the nontreated.
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Figure A.2

Regression estimates of 95% confidence intervals for days to reach 50%
maximum normalized difference vegetative index (NDVI) following
preemergence herbicide applications in 2016. Overlapping bars are not
significantly different from one another.

*Increased days to reach 50% maximum NDVI value when compared to the nontreated.
1
Model did not converge. Confidence interval was too wide to detect differences.
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Figure A.3

Regression estimates of 95% confidence intervals for days to reach 50%
maximum ratio vegetative index (RVI) following preemergence herbicide
applications in 2016. Overlapping bars are not significantly different from
one another.

1

Model did not converge. Confidence interval was too wide to detect differences.
No treatments increased days to reach 50% maximum RVI value when compared to the
nontreated.
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Figure A.4

Regression estimates of 95% confidence intervals for days to reach 50%
maximum relative chlorophyll concentration (CI-RE) following
preemergence herbicide applications in 2016. Overlapping bars are not
significantly different from one another.

*Increased days to reach 50% maximum CI-RE when compared to the nontreated.
1
Model did not converge. Confidence interval was too wide to detect differences.
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Figure A.5

Regression estimates of 95% confidence intervals for days to reach 50%
hybrid bermudagrass cover (Days₅₀) following preemergence herbicide
applications in 2017. Overlapping bars are not significantly different from
one another.

*Increased Days₅₀ when compared to the nontreated.
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Figure A.6

Regression estimates of 95% confidence intervals for days to reach 50%
maximum normalized difference vegetative index (NDVI) value following
preemergence herbicide applications in 2017. Overlapping bars are not
significantly different from one another.

*Increased days to reach 50% maximum NDVI value when compared to the nontreated.
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Figure A.7

Regression estimates of 95% confidence intervals for days to reach 50%
maximum ratio vegetative index (RVI) value following preemergence
herbicide applications in 2017. Overlapping bars are not significantly
different from one another.

No treatments increased days to 50% maximum RVI value when compared to the
nontreated.
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Figure A.8

Regression estimates of 95% confidence intervals for days to reach 50%
maximum relative chlorophyll concentration (CI-RE) value following
preemergence herbicide applications in 2017. Overlapping bars are not
significantly different from one another.

Increased days to reach 50% maximum CI-RE value when compared to the nontreated.
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APPENDIX B
POOLED WORK-TO-TEAR RESULTS
Table B.1

Effects of preemergence herbicide applications on hybrid bermudagrass
sod tensile strength measured 184 days after treatment (DAT) in 2016 and
128 DAT in 2017. Year-by-treatment interaction was not significant;
therefore, data are pooled across years.
Herbicide

Rate

WTT

kg ai ha-1

Nm

nontreated

--

8.21 bca

prodiamine

0.59

8.50 abc

pendimethalin

1.66

9.71 ab

dithiopyr

0.56

10.67 a

atrazine

1.12

9.34 ab

simazine

2.24

9.99 ab

1.12 + 0.86

8.57 abc

S-metolachlor

2.78

9.80 ab

oxadiazon G

2.24

8.58 abc

oxadiazon WSP

2.24

6.64 c

flumioxazin

0.29

9.40 ab

indaziflam

0.03

8.46 abc

atrazine + S-metolachlor

LSD0.05

-2.31
a
Means followed by the same letter in a column are not significantly different.
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APPENDIX C
SATURATED ROOT MASS RESULTS
Results
Averaged across runs, all herbicide treatments other than simazine and granular
applied oxadiazon reduced saturated root mass when compared to the nontreated when
harvested 4 WAT When harvested 6 WAT, all herbicide treatments reduced saturated root
mass other than prodiamine, simazine, and granular applied oxadiazon when compared to
the nontreated. By the 10 WAT harvest timing, only indaziflam reduced root growth when
compared the nontreated. Results suggest that hybrid bermudagrass roots were able to grow
out of the initial herbicidal injury for every treatment other than indaziflam by 10 WAT.
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Table C.1

Effects of preemergence herbicide applications on hybrid bermudagrass
saturated root mass. Treatment effects on root mass were compared within
each harvest date.

Herbicide

Saturated mass

Rate

4 WAT

kg ai ha-1

10 WAT

------------kg m-3------------

nontreated

--

1.39 aa

4.27 a

4.50 ab

prodiamine

0.59

0.31 c

2.77 abc

3.50 bc

pendimethalin

1.66

0.57 bc

2.66 bc

5.41 a

dithiopyr

0.56

0.46 c

1.99 cde

3.27 bc

atrazine

1.12

0.62 bc

2.26 cd

4.70 ab

simazine

2.24

1.08 ab

3.05 abc

3.96 ab

1.12 + 0.86

0.61 bc

2.45 cd

3.77 ab

S-metolachlor

2.78

0.15 c

0.92 de

2.97 bc

oxadiazon G

2.24

1.59 a

4.13 ab

4.01 ab

oxadiazon WSP

2.24

0.57 bc

2.09 cde

4.16 ab

flumioxazin

0.29

0.47 c

1.84 cde

4.03 ab

indaziflam

0.03

0.58 bc

0.61 e

1.96 c

0.53

1.58

1.77

atrazine + S-metolachlor

LSD0.05
a

6 WAT

--

Means followed by the same letter in a column are not significantly different.
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APPENDIX D
SUPPLEMENTARY INFORMATION

Figure D.1

Percentage hybrid bermudagrass cover at 16 WAT in 2016.
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Figure D.2

Light box used to determine hybrid bermudagrass cover.
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Figure D.3

Spectral reflectance device used to measure NDVI, RVI, and CI-RE values.
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Figure D.4

Device used to measure sod tensile strength.
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Figure D.5

Example of hybrid bermudagrass plug as analyzed by SigmaScan to
determine percentage hybrid bermudagrass cover.
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Figure D.6

Example of roots being analyzed by WinRhizo.
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